f Emergence of drug-resistant bacteria represents a high, unmet medical need, and discovery of new antibacterials acting on new bacterial targets is strongly needed. ATP synthase has been validated as an antibacterial target in Mycobacterium tuberculosis, where its activity can be specifically blocked by the diarylquinoline TMC207. However, potency of TMC207 is restricted to mycobacteria with little or no effect on the growth of other Gram-positive or Gram-negative bacteria. Here, we identify diarylquinolines with activity against key Gram-positive pathogens, significantly extending the antibacterial spectrum of the diarylquinoline class of drugs. These compounds inhibited growth of Staphylococcus aureus in planktonic state as well as in metabolically resting bacteria grown in a biofilm culture. Furthermore, time-kill experiments showed that the selected hits are rapidly bactericidal. Drug-resistant mutations were mapped to the ATP synthase enzyme, and biochemical analysis as well as drug-target interaction studies reveal ATP synthase as a target for these compounds. Moreover, knockdown of the ATP synthase expression strongly suppressed growth of S. aureus, revealing a crucial role of this target in bacterial growth and metabolism. Our data represent a proof of principle for using the diarylquinoline class of antibacterials in key Gram-positive pathogens. Our results suggest that broadening the antibacterial spectrum for this chemical class is possible without drifting off from the target. Development of the diarylquinolines class may represent a promising strategy for combating Gram-positive pathogens.
D
rug-resistant bacterial infections are a leading cause of mortality worldwide, and their increasing prevalence represents a serious threat to human health (6, 34) . As stated in recent public policy documents issued by the Infectious Diseases Society of America (IDSA), the key bacterial pathogens are drug-resistant staphylococci, enterococci, and several Gram-negative pathogens (ESKAPE pathogens) (5, 37) . Among the Gram-positive-resistant isolates, it was estimated that multidrug-resistant Staphylococcus aureus infections led to 19,000 deaths per year in the United States, with an associated 3 to 4 billion U.S. dollars in annual health care costs (12) . Despite this high mortality rate, there is a paucity of new antibacterial agents within the pharmaceutical pipeline (6) . The genomics-driven strategies have been largely ineffective in delivering new antibacterials, and most of the antibiotics developed in the last decade are molecules reengineered from existing antibiotic classes. These reengineered entities represent incremental progress and may retain some of the drawbacks of the parent class. Exploring new compound classes and validating novel target pathways can significantly contribute to addressing the unmet medical need of the increasing antibacterial resistance and its associated burden on human health.
Bacterial energy metabolic pathways are largely unexplored as drug targets for the resistant Gram-positive and Gram-negative pathogens (3, 19) . Bacteria can produce ATP by substrate-level phosphorylation of fermentable carbon sources or by oxidative phosphorylation using the respiratory chain and ATP synthase. It has recently been demonstrated that blocking the ATP synthase enzyme by TMC207 (Fig. 1) , a new clinical diarylquinoline drug candidate, is a highly efficient strategy for the treatment of drugresistant Mycobacterium tuberculosis (1, 24) . TMC207 is currently in phase IIb clinical trials in patients with multidrug-resistant tuberculosis. However, although TMC207 shows strong potency on a large number of mycobacterial species, it does not display significant activity on the growth of nonmycobacterial pathogenic bacteria (1) . Moreover, mycobacteria are quite distinct from other Gram-positive or Gram-negative bacteria in terms of susceptibility for currently used antibacterials (23, 33) . As such, it is an open question to what extent small-molecule inhibitors of the diarylquinoline class, acting on energy metabolic pathways, can be used as broad-spectrum antibiotic agents. In this regard, we embarked on novel medicinal chemistry and on chemical-biology approaches to identify new inhibitors with a diarylquinoline chemical scaffold for key Gram-positive bacteria, including S. aureus and Streptococcus pneumoniae. We test the potency of the new compounds on replicating bacteria as well as on bacteria in biofilms and characterize their mode of action. We furthermore demonstrate the promise of these compounds as novel starting points for discovering new drugs to combat bacterial infections.
MATERIALS AND METHODS
Chemistry of diarylquinolines. Based on structure-activity relationships of TMC207 analogs, the medicinal chemistry optimization efforts focused on new diarylquinoline chemotypes in order to improve potency against Gram-positive pathogens. The core structures of compounds remain similar to that of TMC207, but the new derivatives are characterized by novel specific lateral chains. More than 500 compounds with a modulation of the chain lengthening between the basic moiety and the carbon bearing the hydroxyl group have been synthesized and tested against Gram-positive bacteria. Another chemical library of 200 compounds has been constructed with increased flexibility around the two stereogenic centers borne by the lateral chain. The addition of spacers between aryl groups and chiral centers reduced significantly the steric hindrance on the lateral chain.
Determination of antibacterial activity. Determination of MICs were conducted according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (8) . Briefly, bacteria were grown to logarithmic phase, diluted to Ϸ10 5 CFU/ml, and grown in the presence of serial dilutions of the tested compounds for 20 h. MIC was determined as the lowest concentration with no visual growth.
Evaluation of cytotoxicity in HelaM cells. Cytotoxicity of the compounds was evaluated using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Human HelaM cells were exposed to serial dilutions of the tested compounds and incubated for 72 h (37°C; 5% CO 2 ). MTT was added, and cell viability was determined by measuring the absorbance of the reduced formazan at 540 nm and 690 nm. The absorbance measured at 690 nm was automatically subtracted from the absorbance at 540 nm to eliminate the effects of nonspecific absorption. The percent cytotoxicity achieved by the compounds was calculated according to standard methods. Cytotoxicity is reported as CC 50 , the concentration that causes a 50% reduction in cell viability.
Biofilm susceptibility testing. Biofilm cultivation and susceptibility testing were performed using the MBEC assay as previously described (7) . Briefly, S. aureus LMG8064 was grown for 24 h (37°C) under orbital agitation in brain heart infusion (BHI) broth to inoculate the minimum biofilm eradication concentration (MBEC) assay and to cultivate statically a biofilm at 37°C. Serial dilutions (100 to 0.2 g/ml) of the test compound, rifampin, and amoxicillin were prepared in 2-fold dilution steps. Biofilmcontaining pegs were transferred into the challenging plate and incubated for 24 h (22°C; 75% relative humidity). The exposed pegs were rinsed in phosphate-buffered saline, placed in freshly prepared BHI broth, and sonicated. After removal of the pegs, MBEC values were determined by measuring the optical density at 600 nm upon a 24-hour incubation (37°C).
Single-step resistance mutation frequencies. Single-step resistance frequencies were determined for mid-logarithmic-phase S. pneumoniae ATCC 49619 using Todd Hewitt (TH) agar plates containing the drug at 5ϫ and 50ϫ the MIC and using an inoculum size of Ϯ4 ϫ 10 8 CFU. The colonies on the plates were enumerated following 48 h of incubation at 37°C (5% CO 2 ). The frequency of selection of resistant mutants was calculated as the ratio of the number of resistant colonies arising on plates at 48 h to the number of viable cells plated.
Generation of S. pneumoniae diarylquinoline resistance mutants. An overnight culture of S. pneumoniae ATCC 49619 (Ϸ10 9 CFU/ml) grown in TH broth medium (37°C; 5% CO 2 ) was spread on agar plates supplemented with increasing concentrations of compound 5 (5 to 50 g/ml). The plates were incubated for 48 h (37°C; 5% CO 2 ). The colonies grown in the presence of 50 g/ml compound 5 were inoculated in Todd Hewitt medium with the same concentration of compound 5 and incubated for 24 h. Genotypic analysis of the complete ATP synthase operon of mutant strains was done by standard methods with amplification and DNA sequencing.
In vitro time-kill assays. In vitro time-kill studies were performed using 5-ml S. aureus ATCC 29213 cultures (start inoculum, Ϸ10 6 CFU/ ml) grown with continuous agitation at 37°C over a 24-h period. At selected time intervals, aliquots were taken, and serial dilutions were made in Mueller-Hinton (MH) broth and plated on MH agar plates. CFU were counted after 24 h of incubation.
Determination of minimum bactericidal concentration. MICs were determined by the broth microdilution method according to CLSI reference methods, and antibacterial susceptibilities were reported using CLSI interpretive criteria. After this primary incubation for 24 h at 37°C, MICs were recorded, and minimum bactericidal concentration (MBC 99.9 ) values were determined by spotting 10 l from wells at and above the MIC on drug-free MH agar medium. CFU were counted from the sampled test wells and were used to determine the concentration that causes a Ն3-log 10 decrease in CFU/ml of the original inoculums (MBC 99.9 ).
Biochemical ATP synthesis inhibition assays in S. aureus. S. aureus ATP synthesis activity was measured as previously described for Mycobacterium smegmatis (24) and incubated at room temperature for 45 min while shaking. Inverted membrane vesicles were prepared using a precooled French pressure cell (Thermo Electron Corporation) at 14,000 lb/in 2 . Membrane vesicles were preincubated with the compounds under stirring conditions at room temperature for 10 min. Dicyclohexyl-carbodiimide (DCCD) and levofloxacin were included, respectively, as positive and negative controls. ATP synthesis activity was determined by energizing the membranes with NADH and quantifying the amount of ATP produced using the luciferin/ luciferase system (ATP bioluminescence assay kit HSII; Roche Applied Science). Data are presented as averages Ϯ standard deviations (SD).
Inverted membrane vesicles from Escherichia coli were prepared using a French press as described above for S. aureus (12,000 lb/in 2 ). ATP synthesis activity was determined with the glucose-6-phosphate dehydrogenase method as described below for mitochondria.
Isolation of human mitochondria. The human ovarian cancer cell line OVCAR3 was maintained in 175-cm 2 tissue culture flasks (Greiner Bio-One) in Dulbecco's modified Eagle's medium (DMEM) (BioWhittaker, Walkersville, MD), supplemented with 10% fetal bovine serum (PAA Laboratories GmbH) and 100 U/ml penicillin-streptomycin (Lonza BioWhittaker). Cell cultures were maintained at 37°C in 5% CO 2 , in a humidified atmosphere. Isolation of mitochondria from cells and ATP synthesis was done as described previously (14) .
Mitochondrial ATP synthesis inhibition assay. Human mitochondria (0.25 mg/ml) were incubated in 50 mM morpholino-ethanesulfonic acid (MES; pH 6.5), 5 mM MgCl 2 , 2 mM ADP, 20 mM KH 2 PO 4 , 100 M P 1 ,P 5 -di(adenosine-5=) pentaphosphate (Ap5A), 25 mM glucose, 11.8 U/ml hexokinase (Sigma), and protease inhibitors (complete, EDTA free; protease inhibitor cocktail tablets from Roche). Samples (0.25 ml) were incubated at 37°C with vigorous stirring in 18-ml flasks. The reaction was initiated with 5 mM succinate. After 2 h, reactions were stopped with 25 mM EDTA (final concentration) and transferred to ice. Samples were subsequently heated to 100°C for 5 min and centrifuged (10,000 ϫ g, 20 min) to remove denatured protein. In supernatants, the synthesized glucose-6-phosphate was quantified by NADP ϩ (2.5 mM) reduction in the presence of 3 U/ml of glucose-6-phosphate dehydrogenase (Roche). NADPH formation was monitored spectrophotometrically at 340 nm.
Overexpression and purification of S. aureus ATP synthase subunit c. S. aureus histidine-tagged ATP synthase subunit c was overexpressed and purified from Escherichia coli strain Lemo21 (39) using a T7 overexpression system. Cells were grown at 30°C in Luria-Bertani medium supplemented with 100 g/ml chloramphenicol, 100 g/ml ampicillin, and 0.2% glucose. When an optical density at 600 nm (OD 600 ) of ϳ0.4 was reached, cultures were incubated at 25°C and supplemented with 1 mM L-rhamnose and 0.4 mM IPTG (isopropyl-␤-D-thiogalactopyranoside; final concentration). Cells were incubated for 14 to 16 h and then harvested by centrifugation.
Cells were harvested and resuspended in 50 mM phosphate buffer (pH 7.5) containing 400 mM NaCl, 50 g/ml DNase, protease inhibitors (Complete; Roche), 2 mM MgCl 2 , and 10 mM 2-mercaptoethanol. Subsequently, cells were lysed with a One Shot pressure cell disruptor (ConstantSystems Ltd.). The total membrane fraction was suspended in the same buffer and treated with a final concentration of 1% N-dodecyl ␤-Dmaltoside for 60 min at room temperature to solubilize the lipid membranes and release the overexpressed subunit c. Solubilized samples were subjected to Ni-nitrilotriacetic acid (NTA) metal-affinity chromatography (Qiagen).
Purification of ATP synthase from Bacillus PS3. ATP synthase from the thermophilic Bacillus PS3 was overexpressed in E. coli strain DK8 and purified as described previously (36) . Briefly, cells were disrupted using a French pressure cell (Thermo Scientific), and membrane proteins were extracted using 2% Triton X-100 and 0.5% sodium cholate. The membrane extract was applied to an Ni-NTA affinity column, and ATP synthase was eluted from the column with 300 mM imidazole. The ␣ 3 ␤ 3 ␥ subcomplex of ATP synthase from Bacillus PS3 (comprising the major subunits of the cytoplasmic F 1 part) was overexpressed in E. coli strain JM103⌬uncB-D and purified as described previously (4) . Briefly, cells were disrupted using a French pressure cell, and the cytosolic fraction was subjected to a heat treatment (30 min, 60°C). Subsequently, the sample was applied to an Ni-NTA affinity column and finally to a gel filtration column (Superdex 200; Amersham).
Surface plasmon resonance studies. Surface plasmon resonance (SPR) sensing was carried out with a BIAcore 2000 instrument and a carboxymethyl (CM-5) analytical chip (GE Healthcare) at 25°C (17) . A total of 70 l of an equimolar mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) was used to activate the carboxy-methyl surface of the chip. Subsequently, 50 l of compound 4 (200 M) in HEPES buffer [10 mM N-(2-hydroxyethyl)-piperazine-N=-ethanesulfonic acid (HEPES)-KOH (pH 7.5), 2 mM MgCl 2 , 150 mM NaCl] was injected over the activated chip surface (flow rate of 2 l min Ϫ1 ). Nonreacted EDC/NHS on the chip surface was blocked by injection of 70 l of 1 M ethanolamine. The chip was then reprimed and rinsed extensively with HEPES/Triton buffer (10 mM HEPES-KOH [pH 7.5], 2 mM MgCl 2 , 150 mM NaCl, 0.5% Triton X-100). Purified S. aureus ATP synthase subunit c, Bacillus PS3 ATP synthase holoenzyme, Bacillus PS3 a 3 b 3 g subcomplex, or mock sample was diluted in HEPES-Triton buffer to a final concentration of 2.5 g/ml. For each injection, the chip was primed and rinsed for 10 min (flow rate of 15 l min Ϫ1 ) with HEPES-Triton buffer, after which 325 l of protein solution was injected at a flow rate of 15 l/min. Binding to the chip was followed for 20 min, and dissociation was monitored for 10 min.
Construction of S. aureus atpE-inducible antisense strain. The oligonucleotide primers atpE-for (5=-GTC TAG GGT ACC GTC AAC CAG AAG CAC GTG GTC-3=) and atpE-rev (5=-TAG GCA GGT ACC GTC ATG AAT GCA ATT ACT ACA C-3=) were used to amplify an atpE fragment from S. aureus RN4220(pSTE2) genomic DNA. The bold-faced sequences in the oligonucleotide primers represent the KpnI recognition site. The resulting DNA fragment was cloned into the tetracycline (Tc)-inducible pAJ96 S. aureus/E. coli shuttle vector (kindly provided by Alex O'Neill, University of Leeds, United Kingdom) (28) in the antisense orientation. This recombinant plasmid was electroporated into S. aureus RN4220 (pSTE2) (kindly provided by Tomasz Hauschild, University of Bialystok, Poland) (18) as described previously (2) . An empty-vector S. aureus strain harboring the pAJ96 plasmid was also generated and serves as a negative control.
In vitro growth of S. aureus atpE antisense strain. S. aureus strains were incubated at 37°C overnight in tryptic soy broth (TSB) medium supplemented with chloramphenicol (10 g/ml) as a selection marker. The cultures were diluted to 5 ϫ 10 5 CFU/ml in TSB containing chloramphenicol and Tc at concentrations from 0 up to 300 ng/ml. Bacterial growth was monitored at 37°C by measuring the optical density at 600 nm. In addition, overnight cultures were plated onto TSB agar plates containing chloramphenicol and various concentrations of Tc and subsequently incubated at 37°C. After 24 h, the plates were photographed.
RESULTS

Diarylquinolines show antibacterial activity against Gram-positive pathogens.
To identify small-molecule inhibitors with activity against Gram-positive pathogens, libraries of new compounds with diarylquinoline scaffolds were tested in bacterial growth inhibition assays. More than 700 molecules with novel specific lateral chains were synthesized and investigated. Compounds 1 to 5 discussed in this study (Fig. 1) are representative diarylquinoline chemotypes that show antibacterial activity against key Grampositive human pathogens. The MICs observed against Grampositive bacteria for compounds 1 to 4 were comparable to reference antibiotics levofloxacin and linezolid (Table 1) . Notably, molecules 1 to 3 exhibited potent MICs (0.25 g/ml) against S. pneumoniae, the causative agent of many respiratory tract infec-tions (Table 1) . Compound 5 showed a selective inhibition of S. pneumoniae (MIC 1 g/ml) without activity against the other Gram-positive pathogens tested. The compounds showed no major activity at the tested concentrations against a selection of key Gram-negative bacteria, except for some minimal activity against Haemophilus influenzae for compounds 1 to 4. Compounds 1 to 3 did not show any activity against a Pseudomonas aeruginosa efflux mutant strain deficient for four important efflux systems, suggesting a lack of potency toward the target in this pathogen. Compounds 1 to 5 have limited activity against M. tuberculosis H37Rv (MIC 8 to 64 g/ml), in contrast to TMC207, which shows a MIC of 0.03 g/ml (1). In the presence of 2% human serum, the activity against S. aureus for compounds 1 to 4 significantly decreased (Table 1) , suggesting a considerable plasma protein binding for these selected hits. Indeed, higher concentrations of human serum (10 to 50%) resulted in MICs of Ն64 g/ml for S. aureus and S. pneumoniae. We also assessed the cytotoxicity of compounds 1 to 5 in a mammalian HelaM cell line. As listed in Table 1 , target compounds 1 to 5 show CC 50 values ranging from 4.5 to Ͼ56.9 g/ml.
The newly developed diarylquinolines are rapidly bactericidal. To assess the potential utility of this compound class, we determined the kinetics of bacterial killing in vitro. Time-kill assays demonstrated that compounds 1 and 2 rapidly kill S. aureus ATCC 29213 at a concentration of, respectively, 10ϫ and 50ϫ MIC, with a significant decrease in cell viability of Ն4-log 10 CFU/ml from the starting inoculum over 24 h (Fig. 2) . At lower concentrations (5ϫ MIC for compound 1; 5ϫ and 10ϫ MIC for compound 2), both compounds exhibited an initial decline in CFU but showed a rebound in growth after 24 h. Compound 1 had no effect on S. aureus cell viability at 1ϫ MIC. Linezolid, a known bacteriostatic molecule, at 10 g/ml and levofloxacin, a rapid bactericidal compound, at 1 g/ml were included in this study as control antibiotics. The potent bactericidal activities of compounds 1 and 2 were confirmed by their MBC 99.9 values of, respectively, 4 and 2 g/ml against S. aureus ATCC 29213. This observed in vitro bactericidal effect indicates potential clinical utility of this new class of small-molecule inhibitors.
In vitro activity against a bacterial metabolic resting state. Most antibacterials targeting biosynthetic processes in a growing bacterium lack clinical efficacy on slow-growing or nongrowing bacteria, e.g., in biofilms. These bacterial metabolic resting states are a hallmark of chronic infections; consequently, antibacterial activity on biofilms is strongly warranted.
The efficacy of a representative diarylquinoline (compound 2) on S. aureus biofilms was determined (Fig. 3) . This compound showed significant potency, with eradication of 1-day-old S. aureus LMG8064 biofilms within 24 h and an MBEC in the range of 15 g/ml. Compound 2 has a MIC value against planktonic S. aureus LMG8064 of 1 g/ml. Rifampin and amoxicillin were included, respectively, as a positive (MIC of 0.125 g/ml; MBEC of Ϯ3 g/ml) and a negative (MIC of 0.125 g/ml; MBEC of Ͼ100 g/ml) control.
The ability of diarylquinolines to eradicate S. aureus biofilms Chemical genetic studies pinpoint resistance mutations in the atpE gene. In order to support the expectation that these new small-molecule drug candidates target ATP synthase, we raised drug-resistant mutants in S. pneumoniae, the most susceptible pathogen in our growth inhibition assays (Table 1) . These mutants were selected by inoculating S. pneumoniae ATCC 49619 on agar plates containing compound 5 at a concentration of 50ϫ MIC. The single-step mutation frequencies for this compound ranged between Ͻ8.1 ϫ 10 Ϫ7 and 8.3 ϫ 10 Ϫ7 at 5ϫ MIC and 4.6 ϫ 10 Ϫ7 and 1.7 ϫ 10 Ϫ6 at 50ϫ MIC for S. pneumoniae ATCC 49619. Genomic DNA of three resistant mutants was isolated, and the complete ATP synthase operon was sequenced. In all three mutant strains, sequence variations were found in this operon and mapped to the atpE gene, which encodes subunit c of the ATP synthase. ATP synthase is an enzyme that uses the energy of protons flowing across the cytoplasmic membrane in order to synthesize ATP ( Fig. 4A; for a review, see reference 20 ). This subunit c is an oligomeric, membrane-spanning part of ATP synthase that is crucial for the flow of protons across the membrane in order to synthesize ATP. ATP synthase subunit c in mycobacteria had previously been validated as a target of TMC207 (24) . Two resistant strains harbored a single point mutation each (V48I and V60A), whereas a third resistant strain contained a double mutation at positions V48I and V60A (Fig. 4B) . MIC values of compound 5 against the three mutant strains were Ͼ50 g/ml, resulting in a Ͼ100-fold increase in MIC compared to that of wild-type S. pneumoniae.
Both V48 and V60 are completely conserved in subunit c of ATP synthase for S. aureus, S. pneumoniae, Enterococcus faecalis, and Bacillus subtilis but different from that found in E. coli and in human mitochondria (Fig. 4B ). In the case of V48I, replacement of the valine residue by the bulkier isoleucine in the resistant strain may cause steric hindrance and interfere with efficient drug binding. Concordantly, subunit c from both human mitochondria and from E. coli displays a bulkier residue at that particular position, respectively, phenylalanine and methionine (Fig. 4B) . Taken together, these findings indicate that the proton-conducting subunit c of ATP synthase is likely to be the binding site for diarylquinolines identified in this study.
Biochemical investigation and selectivity of diarylquinolines. In order to zoom in on the biochemical mechanism of this new compound class, we determined the inhibitory activities of compounds 1 to 3 on ATP synthesis in inverted membrane vesicles derived from S. aureus. As depicted in Table 2 , the selected compounds showed significant inhibitory activities, with 50% in- and reference antibiotics rifampin (triangles) and amoxicillin (circles) against 1-day-old biofilms of S. aureus LMG8064 treated for 24 h (average from 3 independent experiments). S. aureus LMG8064 biofilms formed on pegs were exposed to increasing compound concentrations for 24 h, followed by optical density measurements at 600 nm (OD 600 ) to monitor biofilm eradication. Three independent biofilm studies were performed, and one representative experiment is shown. hibitory concentrations (IC 50 s) between 1 and 3 g/ml. Thus, the concentrations of compound needed to inhibit ATP synthase in the biochemical assay (IC 50 ) correlated well with MIC values for inhibition of S. aureus growth in the whole-cell screening assay. ATP synthesis by membrane vesicles obtained from the Gram-negative E. coli displayed higher IC 50 s ( Table 2 ). The polymorphisms in the atpE gene on amino acid positions V48 and V60 described above (Fig. 4B ) may account for the differences in IC 50 s determined in the S. aureus and E. coli ATP synthesis assays and might in part explain the lack of activity observed for E. coli in the whole-cell screening assay. However, drug efflux mechanisms, less-pronounced metabolic dependency on ATP synthase, and/or limited uptake of the compound due to the Gram-negative cell membrane cannot be excluded as causes for the lack of whole-cell activity.
As ATP synthase is highly conserved among prokaryotes and eukaryotes, we also determined the effect of the selected compounds on ATP synthesis in mitochondria isolated from the human ovarian cancer cell line OVCAR3. The IC 50 of compounds 1 to 3 in the mitochondrial ATP synthase assay was between 23 and 29 g/ml, with selectivity indices (SI) of Ͼ10 (Table 2 ) compared with S. aureus. In contrast, typical ATP synthase inhibitors, such as oligomycin and DCCD, were nonselective with SI of Յ1.
These results demonstrate that for Gram-positive bacteria, inhibition of growth can be achieved via inhibition of ATP synthesis. Further chemical optimization of the diarylquinoline class may potentially further increase the selectivity indices, as has been shown previously for the mycobacterial ATP synthase inhibitor TMC207, for which an SI of Ͼ10,000 has been demonstrated (15) . Our results support the view that an enzyme should not necessarily be disregarded as a potential target because it has a homologue in eukaryotes.
Diarylquinolines interact with the F 0 part of ATP synthase. To confirm a direct binding between the selected hits and ATP synthase, we performed molecular drug-target interaction studies between a representative diarylquinoline (compound 4) (Fig. 1) and the transmembrane subunit c of ATP synthase from S. aureus using surface plasmon resonance (SPR) sensing. The compound was linked via its secondary amino group onto the carboxymethyldextran surface (CM-5) of a BIAcore chip. S. aureus subunit c protein was overexpressed and purified from E. coli and injected onto the compound-linked chip. The experiment demonstrated that subunit c clearly binds to compound 4 (Fig. 5) . Control experiments, performed with either a mock purification of subunit c (from E. coli carrying an empty expression vector) or using a chip without immobilized compound, confirmed the specific interaction between subunit c and the immobilized compound (Fig. 5) .
As ATP synthase is a complex, multimeric enzyme with transmembrane subunits (F 0 ) and cytoplasmic subunits (F 1 ) (Fig. 4A) , we also evaluated the respective contributions of these two parts to the drug-target interaction. For this, we used either purified whole ATP synthase complex from the Bacillus PS3 strain or the isolated cytoplasmic F 1 part (subunits a 3 b 3 g). As depicted in Fig. 5 , the whole ATP synthase bound to compound 4, whereas no detectable affinity was observed for the cytoplasmic part. These results demonstrate that the transmembrane F 0 part of ATP synthase plays a crucial role in interaction with this chemical class. Downregulating ATP synthase subunit c expression impairs S. aureus growth. To study the role of ATP synthase in S. aureus, a tetracycline (Tc)-inducible S. aureus antisense strain was generated, in which mRNA levels of subunit c of ATP synthase (atpE) are downregulated. We examined the effect of atpE antisense RNA expression on the growth of S. aureus in liquid cultures and on solid medium, by induction with increasing Tc concentrations. In liquid medium, Tc induction resulted in a strong, dose-dependent decrease in bacterial growth compared to that of the control (empty pAJ96 vector) (Fig.  6B) . We also observed that bacterial colony formation on agar plates containing 600 ng/ml Tc was strongly impeded (Fig. 6C) , with only a few small colonies appearing on the agar plates. We confirmed downregulation of atpE mRNA levels resulting from Tc induction with qRT-PCR (Fig. 6A) .
These results reveal an important role of ATP synthase subunit c in the growth of S. aureus and provide a rationale for utilizing small-molecule inhibitors acting on this enzyme as antibacterials.
DISCUSSION
Drug-resistant pathogenic bacteria are a global health care concern and highlight a clear unmet medical need for novel antibacterials with novel mechanisms of action. The diarylquinoline class
FIG 5
Drug-target interaction studies using Biacore. A selected hit (compound 4) was immobilized on a Biacore CM5 chip. Binding to the compoundlinked chip was determined for purified ATP synthase subunit c from S. aureus (empty circles), purified ATP synthase holoenzyme from Bacillus PS3 (filled circles), and the F 1 part (subunits ␣ 3 ␤ 3 ␥) from Bacillus PS3 (empty squares). As controls, a mock purification of subunit c (filled triangles) and binding of purified subunit c from S. aureus to a chip in the absence of immobilized compound (empty triangles) were used. For the mock sample, we performed the purification experiment using cells harboring an empty expression vector. Experiments were done in triplicate, and representative results are shown. of antibacterials efficiently kills Mycobacterium tuberculosis by specifically inhibiting ATP synthase; however, the antibacterial spectrum of diarylquinolines reported so far is restricted to mycobacterial strains.
In the current study, we aimed to expand the antibacterial spectrum of diarylquinolines. We identified new diarylquinoline drug candidates with potent inhibitory activity against key Grampositive pathogens and rapid bactericidal activity on S. aureus. We confirmed that these small-molecule inhibitors interact with subunit c of ATP synthase and act as inhibitors of ATP synthesis. In addition, our studies suggest that subunit c is important for growth and survival of S. aureus. The data described in this paper indicate that diarylquinolines, and potentially other small-molecule inhibitors active on ATP synthase, can have a high potential for combating multidrug-resistant bacterial strains due to a lack of cross-resistance with presently used classes of antibacterials.
The diarylquinolines described in this study showed significant human plasma protein binding and a moderate selectivity versus the human ATP synthase. However, our results represent a proof of principle for using the diarylquinoline chemical class as broadspectrum agents against different Gram-positive bacteria and under different physiological conditions. As such, further chemical optimization of the current inhibitors or, alternatively, screening of pharmaceutical compound libraries for ATP synthesis inhibitors may result in hits that are more amenable for lead optimization in terms of improving potency, addressing the issue of plasma protein binding, and better bacterial selectivity.
Essentiality of ATP synthase may stem from a variety of factors, such as meeting high cellular energy demands, as proposed for mycobacteria (10, 16) , or maintenance of the proton motive force, as suggested for Chlorobium limicola (41) . Moreover, ATP synthase may play a role in pH homeostasis, as has been reported previously for Listeria monocytogenes and Salmonella enterica serovar Typhimurium (9, 13) or may act as a "relief valve" for protons to facilitate continuous NADH oxidation and to maintain a cellular redox balance (10) .
Although ATP synthase appears to be present in all bacteria, the essentiality of the enzyme varies significantly across species. Whereas in some species blocking ATP synthase function dramatically diminishes growth, in other species apparently increased glycolytic flux may in part compensate for deficiencies in respiratory ATP synthesis. For mycobacteria, deletion mutants in the atpD gene demonstrated a central function of ATP synthase for growth (38) , and blocking respiratory ATP synthesis by small molecule inhibitors causes depletion of cellular ATP levels and bacterial killing (24, 27) . For S. aureus, it has been reported that transposon insertion in the atpD, atpG, and atpA genes did not lead to complete absence of bacterial colonies (22) . Our results show a strong, although not a complete, decrease of CFU upon downregulation of atpE gene transcription, encoding the F 0 subunit c of ATP synthase, indicating an important function of ATP synthase enzyme in growth and survival of S. aureus. Our work also extends previous mutagenesis studies on streptococci, where insertion of mutations in the atpC gene dramatically affected cell viability (11) .
For E. coli and B. subtilis, deletion mutants in ATP synthase are able to grow, although at reduced rates compared to that of the wild type (21, 32) . E coli was largely resistant to the selected diarylquinolines, which in addition to the less-pronounced metabolic dependency on ATP synthase and polymorphisms in the atpE gene may be due to drug efflux mechanisms or limited uptake of the compound through the Gram-negative cell membrane. B. subtilis showed sensitivity to selected compounds, although at slightly higher concentrations than S. aureus and S. pneumoniae. The employed growth conditions or other, unexplored factors may influence the relative importance of respiratory ATP synthesis. with tetracycline (Tc); (B) growth of wild-type (empty pAJ96 vector) and atpE antisense S. aureus strains in liquid MH medium with increasing Tc concentrations (0 to 300 ng/ml); (C) Growth of wild-type (empty pAJ96 vector) and atpE antisense strains on solid MH medium incubated for 24 h at 37°C. atpE antisense is induced by adding 600 ng/ml Tc.
Analysis of bacterial energy requirements using a systems biology approach may clarify the physiological basis for ATP synthase essentiality or lack thereof in bacteria. Further unraveling the energy metabolism in Gram-positive bacteria may also reveal additional points of vulnerability, e.g., targeting NADH dehydrogenase or glycolysis/glyconeogenesis (31, 40) , which may be exploited for development of new antibiotics.
The reduced antibiotic susceptibility frequently observed in slow-growing or nongrowing bacteria, such as those within biofilms associated with persistent or chronic infections, can be attributed to extensive remodeling of metabolic pathways in persistent bacterial cells (19, 23, 26, 30, 35) . Previous experiments, aimed mainly at mycobacterial dormancy, have provided hints that despite absence of growth during a resting metabolic state, a minimal level of energy conversion within the bacterial cell is required for survival (25, 29) . It has been hypothesized that more generally targeting energy metabolism in persistent or resting bacteria, such as also found in biofilms, may be an attractive strategy for eradicating these therapeutically recalcitrant bacteria (19) . In line with this hypothesis, we demonstrated that diarylquinolines are capable of eradicating S. aureus biofilms as well as planktonic bacteria, a highly desirable property for any new antibiotic. Factors that determine the efficacy of small-molecule drugs on bacteria in biofilms need to be elucidated. Moreover, function and regulation of energy metabolic pathways in bacterial resting states need to be investigated.
Small-molecule inhibitors interfering with cellular ATP homeostasis, in addition to acting on a potential Achilles' heel of persistent bacteria, may also interfere with the function of ATPdriven efflux pumps in drug-resistant S. aureus or S. pneumoniae strains. Our results demonstrate that small-molecule inhibitors with diarylquinoline scaffold are not only active on mycobacteria but may be applicable as broad-spectrum antibacterials against Gram-positive pathogens. Targeting energy metabolic pathways, in spite of the structural and functional homology with eukaryotic ATP synthase, may represent an attractive approach for the discovery of novel antibacterial agents.
